Right atrial pacing was performed in 21 patients with and 10 patients without coronary artery disease (CAD). The values for the control (C) and maximum paced (P) heart rate were similar in all patients. During pacing cardiac output did not change, and mean arterial pressure remained constant except for a slight increase during pacing-induced angina pectoris in 11 patients with CAD. Left ventricular end-diastolic pressure (LVEDP) decreased in the normal subjects (C = 9 + 1, P = 3 + 1 SEM mm Hg) and in all 10 patients with CAD who did not develop angina (C = 15 + 3, P = 5 1 mm Hg). In 11 patients with CAD, developing angina, LVEDP did not decrease before pain occurred (C= 9 + 1, P = 9 + 2 mm Hg) and increased during induced angina (P = 14+ 3 mm Hg). Pacing ventricular function curves (VFC) relating induced changes in LVEDP and stroke work were abnormal in five of 10 patients with CAD and without induced angina when compared to the normal subjects. In patients developing angina, pacing VFC were normal in five of 10 before pain and then became abnormal in four of these five when angina occurred. 
exercise. Since abnormal myocardial function may influence the feasibility and the assessment of the results of coronary arterial surgical procedures,'3-'6 it is also important to ascertain the myocardial status in such patients in the absence of angina.
In a previous communication from this laboratory, the use of atrial pacing to construct ventricular function curves using induced changes in stroke work and left ventricular end-diastolic pressure (LVEDP) was described.17 This where (FAm) is mean femoral arterial pressure and SV is stroke volume. In the classic function curves alterations in stroke volume are produced by varying venous return and holding the heart rate and other potential variables constant. 19 In these studies, stroke volume is being decreased by increasing the heart rate rather than by increasing the stroke volume at a fixed heart rate. Therefore, these function curves will be referred to as pacing ventricular function curves, since they are produced by changes in heart rate and must be interpreted in relation to the control normal patient rather than to the classic description.
After the completion of the physiologic studies, left ventricular and coronary cineangiography was done. The technique used, the evaluation of these films, and the grading systems have been previously described. 4, 20 On The LVEDP was significantly higher, at a 0 similar heart rate, during angina pectoris than , in the normal subjects or in patients with CAD who had no chest pain (table 1). The t LVEDP decreased with pacing in all patients 40- in the latter two groups. In patients developing angina LVEDP, as compared to the figure 1 . In one of these Circulation, Volume XLIV, August 1971 patients (the upper right-hand corner of figure 4) his "normal" VFC was associated with an increase in cardiac output from 5.4-7.2 liters/min, which is also indicative of no concomitant depression in myocardial function.
Angiographic Correlations
Coronary arteriography disclosed no significant differences between the extent of coronary artery disease in those who did or did not experience chest pain. All had significant disease of two or three vessels.
The left ventriculogram was normal in all those patients without coronary artery disease who had normal pacing ventricular function curves. No gross or localized defects were present. In those subjects with CAD who did not have angina, the LV cineangiogram was considered abnormal in all five patients whose Pacing ventricular function curves using one control or pacing point prior to angina and one or two data points after angina was induced by atrial pacing. Nine of eleven curves are abnormal. All seven essentially normal subjects of the 10 without CAD had no symptoms (except for atypical chest pain), and each patient's pacing VFC was normal. The two patients with mitral stenosis had symptoms referable to their valvular lesion, but hemodynamically and angiographically the LV functioned normally. The patient whose aortic valve had been replaced was studied 1 year later; he had returned to work with no symptoms. His heart size was essentially normal. The pacing VFC were normal in the latter three patients.
In six of the 21 patients with CAD, a history of congestive heart failure could be elicited. In five of these patients, who developed angina, the pacing VFC were abnormal. The sixth patient did not develop angina with pacing, and the pacing VFC was normal. In the 15 patients with no history of congestive heart failure, the pacing VFC were normal in nine and abnormal in six.
P-R Interval Changes
Since the P-R interval increases with atrial pacing, this might disturb the relationship between atrial and ventricular contractions and adversely influence left ventricular function.2>29 There were, however, no significant differences between the control and pacing P-R intervals for the normal subjects and those with coronary artery disease (normal subjects, control P-R interval = 0.17 + 0.01 sec, pacing = 0.25 + 0.01 sec; patients with CAD, control P-R interval = 0.15 ± 0.02 sece pacing = 0.24 + 0.02 sec).
Discussion
An increase in heart rate tends to enhance myocardial performance in certain animal and isolated muscle preparations, but this effect appears to be masked in clinical hemodynamic studies.A9-The reason for this is unknown, but it has been theorized that there may be a decrease in the booster pump action of the left atrium and possibly, also, alterations in the level of activity of the autonomic nervous system.34-3 Since no definite change in intrinsic contractility can be identified, atrial pacing has been used to construct ventricular function curves based upon its known effects upon stroke volume and work and LVEDP.7 9, 30, 36, 3 One must recall, however, that the "classic" ventricular function curves are produced by alterations in venous return and, thereby, changes in ventricular filling pressure and volume and myocardial fiber stretch. 19 In those curves heart rate is held constant, and attempts are made to control or minimize other variables, including reflex autonomic changes. During atrial pacing, on the other hand, stroke volume and LVEDP are being decreased by increases in heart rate and, in addition, prolongation of the P-R interval occurs.26 27 Since atrial pacing may still influence intrinsic myocardial function, there are changes in the relationship between atrial and ventricular contractions, and the method of obtaining stroke volume and LVEDP changes differs from the "classic" examples; these curves will be referred to as pacing ventricular function curves. It is, therefore, necessary to compare patients at similar heart rates and P-R intervals so that the effects of increases in heart rate will be common to all patients. In addition we must compare the pacing responses of the patients under study to control normal patients rather than directly to the "classic" curves.
In this study changes in heart rate were similar in all patients, and the control level and changes in P-R interval with pacing were the same. The P-R interval with pacing (0.24-0.25 sec) remained within the optimal range for an effective atrial contribution to ventricular contraction.38 39 but since the optimal P-R interval is inversely related to heart rate40 and is more important in patients with depressed myocardial function,38 a small effect cannot be discounted.
In previous studies, pacing ventricular function curves (VFC) have shown a clear separation between patients with normal and abnormal ventricular function determined by other criteria. 17 The configuration of the pacing VFC was quite similar to the "classic" curves. Normal subjects had large changes in stroke work associated with small changes in LVEDP, while those with known myocardial dysfunction had flat curves with little change in stroke work as LVEDP was altered.itlA
In this study 10 of 20 patients with severe coronary artery disease had abnormal pacing VFC in the absence of angina pectoris when compared to the normal response. This was true in five of 10 patients never experiencing angina during the study and in five of 10 patients who subsequently developed chest pain (figs. 2 and 3). Although it is possible that some of the former group had abnormal curves because they were in a "preanginal" state, the LVEDP decreased in all during pacing while it decreased in only two of 11 patients who developed angina pectoris. Although the hemodynamic response to angina is variable, at least some patients will have progressive increases in LVEDP prior to the occurrence of pain.9 Ventricular function curves were abnormal in nine of 11 patients during angina, including four of five patients whose VFC were normal prior to the occurrence of chest pain. This has been the most frequent finding during induced chest pain in other pacing studies. 5' , 8,11 [4] [5] [6] [7] [8] [9] [10] [11] In this regard further studies are underway to indicate the relationship between the exercise response and the pacing VFC. Thepacing VFC is, however, easier to perform than exercise, and although it is associated with increases in myocardial minute work and oxygen consumption6, 8, 12, 50 it lacks the systemic metabolic and hemodynamic changes of exercise; heart rate changes may be precisely controlled and reproduced, and the semiquantitative nature of the data may permit comparisons both before and after operation. Additionally, atrial pacing has advantages over exercise stress when relative or absolute contraindications to exercise exist, as with recent myocardial infarction, heart failure, crippling arthritis, or a neuromuscular disorder. 51 This and other studies have clearly shown that the functional and hemodynamic changes associated with coronary artery disease and angina pectoris are quite variable despite similar anatomic lesions.4-11 The individual patient may function quite normally until angina occurs, at which time manifestations of myocardial decompensation are noted. Other patients have chronically depressed myocardial function that can only get worse with isehemia.
